Introduction
It is well known that U-6wt.% Nb (U-14at.% Nb) alloy has a microstructure containing martensitic phases supersaturated with Nb that can be obtained by rapid quenching the alloy from γ (bcc)-field solid solution to room temperature. The high cooling rate forces the γ-phase solid solution to transform to variants of the low-temperature α (orthorhombic) phase in which Nb is forced to retain in the supersaturated solid solution. However, the crystal lattice of supersaturated solution formed by rapid quenching is in unstable conditions and is severely distorted since the solubility of Nb in the α phase at room temperature is nearly zero under an equilibrium condition.
Two variant phases, a monoclinic distortion of α phase that is designated as α′′ martensite and a tetragonal distortion of γ phase that is designated as γ o phase, can form in the as-quenched alloy, as shown in Fig. 1 . We have learned from our previous TEM studies on the low-temperature aging of a water-quenched U6Nb (WQ-U6Nb) alloy that there are two possible transformation pathways for phase decomposition of the alloy supersaturated with 14 at.% of Nb upon aging at temperatures below 200°C, i.e., (1) supersaturated solid solution α″ → spinodal decomposition → α 1 (Nb-lean) + α 2 (Nb-rich) at 200°C and (2) supersaturated solid solution α″ → spinodal ordering → α″ po (partially ordered phase) → phase decomposition and precipitation → α (U) + α o (U 3 Nb) at ambient temperatures [1] .
The mechanisms for the spinodal transformation occurred at 200°C and the spinodal ordering occurred at ambient temperatures are quite similar; both are caused by the composition modulation of Nb except that the wavelength (λ ≈ 3 nm) of modulation for spinodal decomposition is larger than that (λ ≈ 0.5 nm) of modulation for the spinodal ordering, as illustrated in Fig. 2 . Since the Nb modulation for the spinodal ordering can occur within the unit cell of α″ phase through the nearest jumps of atoms along the [001] direction, the degree of long-range order (S) increases from 0 to 0.16 as a result of the Nb modulation, as illustrated in Fig. 3 . As we accelerated the ordering transformation by thermal heating a 15-year old alloy at 200°C, decomposition of the α″ po phase into α (U) and a fully ordered α o (U 3 Nb) phase occured, as shown in Fig. 4 . Figure 5 shows the results of microhardness measurement and TEM analysis of the microstructural evolution in the 15-old alloy samples thermally heated at 200°C. Here, it can be clearly seen that the α″ po phase with a swirl-shape feature of antiphase boundaries (APBs) vanishes upon heating with the formation of U 3 Nb precipitates, which gives rise to the increase of microhardness (precipitation hardening). Figure 6 shows the changes of tensile properties of the 15-old alloy thermally heated at 200°C. It can be readily seen that in addition to the increase of tensile strength (precipitation hardening), the ductility reduces from ~40% to ~14% after heating for 96
hours. In view of these adverse changes in tensile properties upon aging, we accordingly pursued a precipitation kinetics study on the 15-year old WQ-U6Nb alloy in order to develop an empirical timetemperature-transformation model for predicting the remaining lifetime of the WQ-U6Nb alloy in the stockpile. 
Experimental approach and methodology

Precipitation kinetics
The nucleation rate (N * ) of a α o (U 3 Nb) phase formed in the partially ordered α″ po matrix can be After a nucleus appears, it can further reduce its free energy by continuous growth. The solute atoms can be transferred by diffusion in several steps: (a) the migration of solute atoms through the parent phase, (b) the migration of solute atoms across the interface boundary, and (c) the migration of solute atoms into the nucleus. For an one-dimensional needle (or plate) growth mechanism, the ratelimiting step is to lengthen the α o (U 3 Nb) plates. Since it is diffusion control, it obeys a parabolic growth law, and the lengthening of a lath [L(t)] can be expressed as:
, where C is a constant, and t o is the instant of time when the nucleus forms.
Nucleation actually continues at all times during the precipitation process. In the time dt o , n*dt o nuclei are formed, where n* is in units of nuclei per unit time. The total volume (V T ) which has transformed since the beginning of the precipitation (t o ) can be expressed as follows:
. It is noted that the maximum volume of α o (U 3 Nb) precipitates can be reached during the precipitation process is ~56 vol.%; the transformation can be considered to be 100% 
Experimental procedure
A stockpile-returned (15-year old) alloy part was employed for the aging kinetics study. The major advantage of employing this alloy part is that the early stages of the precipitation process, i.e., spinodal ordering has been completed. We can therefore focus the study on the precipitation kinetics of the α″ po → α (U) + α o (U 3 Nb) reaction. Thermal aging experiments (Table 1) were conducted at temperatures ranging between 188°C and 250°C. Microhardness measurements were then carried out to determine the volume fraction of U 3 Nb precipitate in the post-aged alloy samples according to eqn (14). The percentage transformed Y(%) of the 15-year old alloy at temperatures below 188°C can therefore be extrapolated from the kinetic model obtained from this study based on eqn (15) by obtaining the value of activation energy for diffusion, ΔG a , using the graphical method illustrated in Fig. 7 .
Results and Discussion
Results of microhardness values measured from thermal aging of the 15-year old WQ-U6Nb alloy at 188 °C, 200 °C, 212 °C, 235 °C, and 250 °C are summarized in Table 1 . The curves of microhardness versus aging time are shown in Fig. 8a together with the curve of microhardness obtained from the new WQ-U6Nb alloy thermally aged at 200 °C, which was reported previously [1] , for a comparison. These microhardness curves obtained from thermal aging of the 15-year old WQ-U6Nb alloy samples clearly show the dependence of microhardness change on aging temperature. However, it is noted that the peak microhardness value was reached for the aging experiment at 250 °C only since much longer aging periods are required to reach the peak value due to a sluggish kinetics at lower temperatures. The 15-year old WQ-U6Nb alloy sample has a microhardness value of ~190 HV, and the peak microhardness value can be achieved from the heating is ~340 HV. 
It is noted that the R-Square values for the three fitting lines are greater than 0.98 (a perfect fitting would have a value of unit) suggesting that the fitting is pretty good. For a nucleation-controlled precipitation process, the equation has the following form [2] :
The activation energy for diffusion (ΔG a ) is evaluated to be 22.5 kcal/mol. However, for a nucleation and growth process, the equation is in the form of eqn (16):
The activation energy diffusion is then evaluated to be 15.0 kcal/mol. Accordingly, the aging times required to transform the 15-year old WQ-U6Nb alloy by 20%, 25%, 50%, 80%, and 90% at temperatures 30 °C, 50 °C, 75 °C, and 100 °C can be predicted and are summarized in Table 2 together with a ductility reduction (~65%) measured from an alloy sample transformed by 50%. 
Conclusion
Precipitation kinetics of a 15-year old WQ-U6Nb alloy containing partially ordered α″ po phase was studied using microhardness measurement of the alloy thermally aged at temperatures between 188 °C 
